The formation of quantum wires has much interest due to their novel electronic properties which may lead to enhanced optoelectronic device performance and greater photovoltaic efficiencies. One method of forming these structures is through spontaneous lateral modulation found during the epitaxial growth of IIIN alloys. In this paper, we report and summarize our investigations on the formation of lateral modulation in the MBE grown InAlAs/InP(OOl) system. This system was grown as a short-period superlattice where n-monolayers of InAs are deposited followed by m-monolayers of AlAs (with n and m -2) and this sequence is repeated to grow a low strain InAMs ternary alloy on InP(001) that exhibits lateral modulation. Films were grown under a variety of condition (growth temperature, effective alloy composition, superlattice period, and growth rate). These films have been extensively analyzed using x-ray diffraction, atomic force microscopy, and transmission electron microscopy (TEM) and microcharacterization, in addition to photon-based spectroscopes. Here we present results of several microstructural characterizations using a wide range of TEM-based techniques, and compare them to results from the other methods to obtain a unified understanding of composition modulation. Two strong points consistently emerge: 1) The lateral modulation wavelength is insensitive to growth temperature and effective alloy composition, but the strength of the lateral modulation is greatest near an effective alloy composition of In, 4&b 54A~, which corresponds to a slightly tensile global strain with respect to InP. 2)
Introduction
The alloying of both elemental and compound semiconductors allows bandstructures to be tailored to achieve desired bandgap energies and offsets in addition to allowing lattice matching in heterostructures. However, the use of alloy constituents with differing electronic bonding and atomic sizes can result in immiscible systems at sufficiently low temperatures','. The exact manner in which this tendency to phase separate alters the epitaxial growth of alloys and superlattice structures is the subject of much current investigation. One aspect of this immiscibility is the spontaneous composition modulation (CM) that can occur during growth of IIIN alloys3. Early work was devoted to understanding modulations during the liquid phase epitaxial growth of ternary (e.g., InGaAs) and quaternary (e.g., InGaAsP) alloys and showed two forms of modulation: a long wave (>50nm) modulation in the elastically soft <loo> directions, thought to be related to spinodal decomposition, and short wave (<lOnm) features whose origin is still debated4. With the advent of molecular-beam and vapor-phase epitaxial growth techniques, an emphasis has emerged to exploit spontaneous lateral CM in the growth plane for its potential role in quantum confinement devices'. This use will require control over the amplitude and periodicity of the modulated films, and in conjunction with conventional vertical confinement, has the potential of forming 1-d (quantum wire) and 0-d (quantum dot) structures. Coherency strain also plays a major role in heteroepitaxial growth6. For particular growth conditions, highly lattice-mismatched materials can be grown coherently on a substrate if the system forms islands rather than a planar film'; the nonplanar geometry of the islands allows partial strain relief of the epilayer while maintaining coherency with the substrate. Classic examples of this effect are coherent island growth in thin layers of InAs on GaAs* and Ge on Si9,''. During the growth of alloy systems (e.g., Ge,Si,,,, on Si and In,Al~,.,,As on InP), variations in the local alloy composition may provide an additional avenue for strain relief; the system energy can be further reduced by combining alloy decomposition along with nonplanar morphology". This effect is exaggerated if the alloy constituents have a large elastic stifkess mismatch". One method of forming spontaneous lateral CM is through the growth of short-period superlattices (SPSs), such as GaAs/InAs on (001) InP13. In this method, a nearly strain-balanced film is grown by the deposition of a few (-U2 to -3) ML of GaAs followed by a few monolayers of InAs on a randomly deposited buffer layer. While the individual layers of the SPS are highly strained (alternately compressive and tensile) with respect to each other, the overall film is only weakly, if at all, strained with respect to the substrate. Under favorable deposition conditions, these films spontaneously phase separate in a direction perpendicular to both the [OOl] growth direction and the [ 1 70 ] surface direction. This orientation is believed to result from fast diffusion along dimer rows in the [ 1 70 3 direction, forming extended sheets of alternately In-rich and Ga-rich material with a lateral wavelength of -30nm as shown schematically in Figure 1 . By interspersing SPS layers between random alloy layers, these modulated sheets can be started and stopped, forming buried wires that exhibit 2-dimensional quantum ~onfinement.~.' 3 , I4 We have found that the AIAs/InAs system also exhibits lateral CM when grown as a SPS on (001) InP by molecular beam epitaxy (MBE)"-I9. In contrast to the simple sheet-like modulation seen in the GaInAs system, AlInAs forms a complex two-dimensional modulation pattern in the growth plane and the resultant structure forms an array of pillars aligned along the growth direction. The arrangement of these pillars depends on the net strain of the layer, ranging from a nearly square network along [ 1001 and [OlO] for samples grown in compression to a rhombohedral network along [130] and [3 101 for tension". The AlAdInAs system produces a rich variety of microstructures. An important tool for understanding them in detail is transmission electron microscopy (TEM). Here we discuss the details of TEM imaging conditions and image interpretation with selected examples that establish key findings in these modulated structures. A second technique, x-ray diffraction (XRD) mapping of reciprocal space, or K-mapping, has provided complementary information and is also discussed for a more complete understanding of the microstructure. The application of bright-field (BF), dark-field @F) and high-resolution (€€REM) imaging to this system reported previously is discussed here in greater detail, and we present two new approaches using energy-dispersive (x-ray) spectroscopy (EDS) and high-angle annular dark-field (HAADF) imaging to directly assess local composition variations. Both semiquantitative assessments and quantitative measures of the local composition indicate that the group-I11 sublattice can be modulated by 10's of atomic percent under properly selected growth conditions. We discuss all the results together to obtain a more complete understanding of the microstructure and identify insights into the physical mechanisms controlling CM; however, a complete understanding of this phenomena is not yet available. Finally, we discuss implications of the microstructure for optical and electronic properties of InAs/AlAs SPS layers that may be of interest for device applications.
.
Experimental Approaches

Growth
Samples were grown by MBE directly onto nominally (001) InP epi-ready wafers after oxide desorption in situ under an As flux. The deposited material was generated from solid sources. Growth rates were calibrated before each run using reflection high-energy electron difTfaction (RHEED) intensity oscillations for the growth of the binary compounds on their respective binary substrates and the growth rate on InP(O0 1) was determined by accounting for its differing surface atom density; however, the sticking coefficients for InAs and AlAs were assumed to remain constant. Surface morphology was monitored periodically during growth using RHEED. It was found that the initial growth of the InAlAs buffer on the InP surface would produce a transmission RHEED pattern indicative of 3-D island growth due to the initial InP surface preparation under an As flux. However, a streaked RHEED pattern would re-appear after -25nm of growth indicating a return to a nominally 2-D growth mode. A typical growth procedure would commence as follows (important deviations for particular samples will be indicated where necessary): An -200nm random alloy buffer layer is grown nominally lattice matched to the InP substrate (In,Al,~,As, x=0.52) at a typical growth rate of 0.7 MLis under As-rich conditions (one monolayer, ML, is taken as the inverse of the local (002) reciprocal lattice vector, equal to 2.93A for unstrained InP). Following the buffer, the SPS growth commenced with the deposition of n-ML, of InAs followed by m-ML of AIAs, and this cycle is repeated 100 times, where n and m were -2. The effective growth rate of the SPS layers are approximately one half that of the buffer due to alternately shuttering one of the group-111 sources. The average composition of the SPS layer is governed by the number of monolayers of each type deposited (x=d(n+m), 1-x=m/(n+m)). Typically, growths with n+m --4 were performed, however, the maximum value for the number of In monolayers was limited to approximately 2 to maintain a clearly 2-d growth mode. To grow strongly compressive (In-rich) films, n + m 4 could not be maintake& and a value closer to =3 was used. Finally, the SPS layer was capped with nominally latticematched InGaAs to protect the surface against oxidation. A substrate growth temperature of 53OoC, as determined by IR-pyrometry, was typically used. To ensure growth uniformity, the wafer was rotated during growth.
at ?4 [ 1 1 13 is used. Plan-view samples were prepared by bonding the growth surface of a 3mm dia. disk to a Cu grid and then masking the growth surface and edges with wax. The samples were mechanically polished to a thickness of -20pm and a selective chemical etch (HCI:H,PO,:CH,COOH for InP over InA1AsZ2) was used to remove the remainder of the substrate. For samples with thick buffer layers, a brief Ar-ion milling treatment was used to thin the sample further. The bright-field, dark-field and high-resolution (lattice) images were obtained with conventional transmission electron microscopes operating at 200 or 300 kV, while the high-angular annular dark-field (I-IAADF) images and energy dispersive spectra (EDS) using characteristic elemental x-rays were acquired with a scanning transmission electron microscope (STEM) operating at 100 kV capable of forming electron probes < 1 nm in diameter.
X-Ray Reciprocal Space Mapping
Reciprocal space maps were recorded with Cu-Ka radiation using a double-crystal diffractometer. The scattered radiation was analyzed using a gas filled, position sensitive detector (PSD), and by slowly rocking the sample, a two-dimensional map of reciprocal space was generated2,. The resulting maps are typically presented with the in-plane component of the scattering vector (eg. parallel to [ 1 lo]) on the lower axis and the out-of-plane component ( along [OOl] ) on the vertical axis. Due to the instrument geometry, each point on the 2-d map is not simply a slice of k-space but actually represents an integration of the scattered intensity over 4 2 ' out of the plane of the map. Due to the limited dynamic range of the detector, the input power must be reduced while scanning through strong, sharp reflections (e.g. the substrate reflections), which results in a diagonal streak in the maps. A typical scan around the (002) reciprocal lattice point is shown in Figure 2 ; the figure caption labels several key features used to analyze the maps. The period of the lateral modulation is determined from the peak position of the lateral satellite, and the degree of the modulation is found by integrating the intensity in the lateral satellite after subtracting the background intensity recorded from an unmodulated sample. The average composition of the coherently strained SPS film and buffer are determined from the position of their (002) reflections along the (001) rod, assuming linear interpolations of the lattice constant and elastic stiffness from those of the binary compounds. For this analysis, the both vertically and laterally modulated SPS layer is treated as a homogenous random alloy. The position of the SPS superlattice reflection along the (001) rod gives the period of the SPS and, combined with the average film composition, determines both n and m. This analysis also gives the in-plane global-average strain of the SPS from its free-standing value. Note that the SPS satellite intensity is a minimum when the lateral satellite intensity is a maximum. This demonstrates a local disruption of the vertical SPS by the effects of lateral modulation. For symmetric reflections, such as (002), only half of the map is recorded; however, for asymmetric reflections, (224), the lateral SPS satellites on either side of the fundamental can be different if strain modulation plays a strong role in generating the satellites.
Strain Geometry and TEM Imaging
Expected Strain Sfafe
To interpret TEM images properly, we must first understand the expected strain state of a both laterally and vertically modulated film. First, we note that the films are coherent to the InP substrate, as evidenced both by XRD and TEM. TEM does show an occasional defect, but these are typically associated with the initial 3-d growth at the substratebuffer interface. Thus the elastic analysis must include coherency strains and assumes no relaxation by defects. A simple case would be a one dimensional composition modulation wave perpendicular to the growth 04/05/99direction (Le. C x , y , z = C 1 + A sin(2;zx/A)], where C(x, y,z) is the local alloy composition, z is the growth direction, A is the modulation amplitude, and A is the modulation wave length). Far from the growth surface and the unmodulated substrate (beyond a distance of approximately A), the elastic state of the film will be similar to that of a conventional strained layer superlattice but with orthorhombic distortion rather than the tetragonal distortion typically seen in superlattices. Thus, the lattice constant in the y-direction must simply be that of the substrate to maintain coherency with the substrate. In the growth (z) direction, the lattice constant must have a constant value to maintain coherency between enriched regions. To a first approximation, the vertical lattice constant will simply be that expected for a film with an average composition C, coherently strained to the substrate, as assumed in the XRD analysis. This may not be a good approximation if the elastic properties of the film are a strong function of the local composition. In the x-direction, the lattice constant will vary sinusoidally with wavelength A about the substrate value. When a free surface exists, there can be significant relaxation from the above strain distribution. The details of the strain distribution have been worked out for the case of relaxation at introduced surfaces such as those of a thin foil TEM sample24 and for relaxation at the growth surface of an epitaxial filmz5. The basic analysis is similar to that of bimetallic strips26 and is shown schematically in Figure 3 . From a TEM imaging point of view, the important aspects are that the surface relaxation only generates shear strains in the x-y plane (i.e., if i o r j = z) and that the magnitude of the orthorhombic and shear distortion is a function of the sample thickness and the distance from the free surface . From the epitaxial growth point of view, the surface relaxation lowers the local coherency strain energy of the compositional variation in the near surface region25 and may cause local variations in the atomic ( ) .[ and surface segregation rates.
Dark-Field Imaging
Due to the large lattice mismatch between InAs and AlAs (-7%) even slight compositional variations from a random alloy will generate large strain fields. In a typical TEM image with strongly diffracting beams, the strain contrast will overwhelm the direct compositional contrast. While the strain fields and CM must be directly related, interpretation of the strain contrast image is difficult. For example, Figure 4a shows a DF (1 1 1) type image of a modulated film in cross section. The image contrast shows rapidly oscillating features and it is difficult to extract even the modulation wavelength from the image. The effects of strain on imaging can be understood from the basic equations for diffraction contrast imaging (valid for high energy electrons in the transmission geometry). These can be written approximately as2' where < is the direction of propagation of the electron wave field through the specimen, and Y is a column vector for the allowed plane wave amplitudes in the crystal, where I,Y~ refers to the incident electron beam and the v/, to diffracted beams. U is the scattering matrix and can be written as where 5, is the extinction distance for the reflection g and sg is its deviation parameter. For simplicity, we 04/05/99 5 have neglected inelastic scattering. The extinction distance is inversely proportional to the kinematic scattering factor for reflection g. The deviation parameter, sg, describes the deviation of reflection g from the exact Bragg condition and measures the distance of reciprocal lattice point g from the Ewald sphere in the direction of propagation of the electron wave field. The second term in the parentheses represents the effect of the strain field and is written in terms of the elastic displacement field of the lattice, R, which can be a function of both in-plane location and depth in the sample, c (see Figure 3b) . The strain field only modifies the diagonal components of the scattering matrix and can be considered simply as a local modification of the deviation parameter. We note two main points: 1) If dWd< is perpendicular to g, there will be no strain contrast for that reflection. (This consideration also yields the classic "gob" criterion for Burgers vector analysis in the TEM.) 2) Since g is perpendicular to < (in the transmission geometry), g o dWd6 represents shear strains only. Thus, to first order in the Bragg angle, dilatational strains are not imaged in the TEM. This is shown schematically in Figure 5 . For the case relevant to TEM imaging of cross-sectional samples, the strain fields for regions far from the growth interface only have shear components perpendicular to the growth direction (Le., g must have a (1 10) component to sense the shears). Thus the diffracted intensity along the (OO!) rod will be unaffected by strain in the kinematic or systematic row approximations. This approach was used to obtain the crosssection image of Figure 4b from the same specimen as Figure 4a ; the contrast variations in b) directly indicate changes in the (002) structure factor and thus composition, as discussed below.
Structure Facfor lmaging
The kinematic structure factors for a zinc blende crystal are given by ) is approximately 0.170A-', and the zero in structure factor occurs at a composition of x, = 0.52 based on theoretical scattering factors parameterized by Bird and King3'. Note that the low-angle scattering factors are most susceptible to modification from their calculated free atom state by the local chemical environment3'; but images can be compared with a higher angle reflection such as (006) to confirm this analysis. Since the local structure factor vanishes, the fractional contrast change in the images associated with composition variations is high even though the total intensity is low. In principle, the image intensity is zero and the contrast will be infinite, but in practice, the intensity is nonzero due to diffuse scattering and the contrast remains finite. For an (004) image, the image variation (in the kinematic limit) is the same, but since the (004) diffracted intensity is high, the fractional contrast, Cw, is much less, = where Ax is the local change in composition. The number in the parenthesis is of order unity, and thus the intrinsic contrast is low and will be made lower by the effects of diffuse scattering and finite beam divergence. The structure factor contrast for (220) and (1 11) type images will be similar, but they will be dominated by strain contrast. Figure 6 shows an 002/004 image pair from a modulated SPS film. The higher contrast in the (002) image is apparent; its different appearance from the (004) image indicates that its contrast is due to composition differences and not strain variations, as discussed above.
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We should note that, operationally, images are formed by tilting the crystal so that only the (OOt) row of reflections is excited and then a (002) dark-field image is formed. The sample is then tilted about the <I IO> axis to maximize the image intensity. For a weak reflection like (002), this method places the sample near the exact Bragg condition for all practical sample thicknesses. For stronger reflections like (004), this method will place the sample at the Bragg condition only for particular choices of sample thickness since the effect of dynamical diffraction may cause the extinction of the reflection at the Bragg condition. Also note, the individual SPS layers are resolved in the images (provided a sufficiently large objective aperture is used). Their effect is to place a vertical modulation on top of the larger scale lateral modulation. The average lateral structure can be imaged by averaging over this vertical modulation. Note the above analysis for image interpretation can be extended to include the SPS layers, but the spacing of the layers is small enough that the effects of Fresnel diffraction and defocus may become important.
Results
Role of strain and microstructure
The global strain of the CM films can be measured with XRD; in addition, the degree of lateral modulation can be inferred from the intensity of the lateral satellites in the XRD k-maps. However, the intensity of the lateral components is affected by both the amplitude of the compositional wave and its spatial regularity. The present quality of the k-map data precludes distinguishing these two components (only the total intensity scattered into a broad region of reciprocal space is measured). To this end, a series of specimens were prepared to compare their microstructures seen in xTEM directly with the k-map data. Figure 2 shows (002) k-maps of two samples grown with different degrees of global strain. Shown in Figure 7 are the integrated lateral satellite intensities and modulation period for the series of specimens plotted as a fimction of their varying global strain. The lateral satellite period shows little variation as a function of strain but the intensity shows a clear maximum near zero global strain. The corresponding xTEM images show a clear correlation with the k-map data. At large tensile strain (+0.7%), the images show no lateral modulation; see Figure 8a . The SPS is clearly defined, parallel to the growth surface and seen with equal intensity throughout the layer. An occasional defect is seen crossing the SPS layer but these typically originate at the InP-buffer layer interface. Corresponding images for large compressive strain (-0.7%, i.e., high In content) show only occassional evidence of localized composition modulation^^^.
At zero global strain (Figure Sb) , strong lateral modulation is evident in the image and the (002) structure factor zerosare beginning to become apparent. The SPS layers are uniform at the buffer/SPS interface where the lateral modulation has yet to initiate. In some areas, the lateral modulation requires at least 4-8ML to begin as has been confirmed using EDS line scans and HAADF imaging, but this observation varies somewhat from specimen to specimen and even within a single xTEM sample. At moderate compressive strain, the lateral modulation is still evident but appears to be weaker. In some specimens examined, the vertical columns are not regular and straight, such as seen in Figure 8c for -0.47% compressive strain; the columns appear straighter in specimens under less compression. The SPS layers are seen through out the modulated layer. For small tensile strain (+0.4%), the modulation takes on an entirely different character (Figure 8d ). The lateral modulation is very strong as evidence by the distinct contrast from the zeros in the (002) structure factor. The vertical columns are straight and regularly spaced. The individual SPS layers can be seen though out the modulated layer; in the In-rich regions, the SPS layers dip down sharply and form cusps, while in the Al-rich area the SPS layers form broad mounds. Since the SPS layers are deposited in a serial fashion and since vertical bulk diffusion is strongly suppressed at typical growth temperatures, the individual SPS layers serve to mark the surface during growth. Thus, the surface forms mounds over the AI-rich regions and cusps or troughs in the In-rich regions. For a tensile film, the AI-rich mounds on the growth surface will relieve some of the strain in the near surface region by relaxing laterally inward, which lowers the strain energy of the growth front. However the cusp regions are under an enhanced tensile strain, which gives an expanded lattice better suited to the larger In atoms. The surface relaxation may thus 04/05/99 also enhance lateral phase separation" due to the preferred incorporation rate of the larger (smaller) species in the regions of larger (smaller) lattice parameter. We conclude that the x-ray satellite intensity and the cross-section TEM images closely agree with each other in assessing the relative degree of composition modulation in these specimens. Strong intensity correlates with high-contrast, straight and more regularly spaced In-rich columns; intermediate intensity with lower-contrast, wandering columns, while no extended modulation contrast is found where x-ray diffraction indicates none. Notable also is the inverse correlation of SPS satellite intensity with the lateral composition modulation satellites. This may reflect the reduced difference in scattering between (intentionally deposited) InAs and AlAs layers as they become more nearly compositionally uniform within enriched areas. The diffracted intensity of the SPS satellites is further reduced due to the fact that the individual superlattice layers are not flat but are themselves undulating.
Composition Profiles from Dark-Field Imaging
As shown above, the intensity of (002) dark-field images is very sensitive to the local composition and is not coupled to the local strain field. These images are relatively easy to simulate using only structure factor effects, albeit at the semiquantitative level. The observed images from a specimen with moderate tensile strain and strong composition modulation ( Figure Sa) show narrow bright bands each surrounded by two narrow dark bands corresponding to the null in the (002) structure factor at x=0.52. These patterns are separated by broad bright regions, and the observed intensities of the broad regions and the narrow bright bands are comparable. The separation between the dark lines is -4nm while the over all modulation period is 13nm. Using these geometric constraints along with the average film composition of x=0.46 determined from XRD, we can construct a simple composition profile that is consistent with the images. This profile is show in Figure 9b . The slope of the profile was chosen so the region of change for xC0.52 had the same extent as that for x>0.52. The height of the profile was then determined by the average film composition. The diffracted intensity was calculated33 by integrating the electron equations of motion presented above through a l O O n m thick sample at the exact (002) two-beam condition and assuming only the eight lowest order beams in the (002) systematic row are operating , ( 006) to (008). Both the elastic and inelastic atomic scattering factors were calculated from the subroutine of Bird and King3 which includes only the thermal diffuse scattering contribution to the Debye-Waller and inelastic atomic scattering factors. We assumed an atomic RMS vibrational amplitude of 0.15& consistent with the published value for G~A s~~. The simulated (002) image intensity is also shown in Figure 9b and qualitatively reproduces the observed lateral image contrast. The derived Al-rich composition (In, 3,Alo 69A~) and the peak In composition (In, 73A10 2 7 A~) differ from each other by about a factor of two. In spite of our not knowing the detailed shape of the composition variation, we expect the following semiquantitative features to be correct for this sample, based upon the good agreement between the simulation and observations: First, the group-I11 sublattice composition varies from the average value by 10's of InAs molar percentage. Second, the Inrich regions are narrower than the corresponding AI-rich regions, and the peak indium composition is thus krther from the average than the peak aluminum composition. The sizable composition variation and asymmetric modulation shape are expected to have large effects on the composite band structure of such layers.
Plan-vie w imaging
Plan-view imaging has the general advantage of revealing the microstructure of a large area of the sample, and also gives a different perspective on the microstructure by viewing it in the growth plane. As (020) -type images will show the strongest compositional contrast, they were chosen for imaging even though they are not fully decoupled from the strain field as is the case of (OO!) imaging in xTEM samples. However, shear strains should be limited to approximately one lateral modulation period A at the top and bottom of the specimen, or -40 nm out of -100 nm specimen thickness (see Figure 3a) . Figure 10a shows an (020) DF image of a plan-view sample grown with +0.37% (tensile) strain2'. The image consists of small domains with dark lines between them, corresponding to the null in structure factor Figure  loa . The modulations can appear as individual islands, but typically appear to be interconnected islands of short extension (-1 00 nm) along directions perpendicular to the modulation directions. The minimal influence of strain contrast in the {020} plan-view images can be determined by observing that the contrast is directionally uniform and does not generate a "line of no contrast" perpendicular to the operating reflection, such as that in "butterfly-type" images of strained precipitates and dislocation I O O P S~~.
In addition, observing the (020) structure factor zeros suggests that this contrast mechanism dominates. In some areas, alternating domains appear brighter and narrower; we interpret them to be In-rich zones based on the observations with xTEM. Figure 10b shows a corresponding DF image for a specimen grown with -0.34% (compressive) strain". Here, the image appears more to be isolated islands with less interconnection. Fourier analysis indicates modulations with a wavelength again -24 nm, but along two directions -86" apart and on either side of [ 1 lo], thus lying close to the <loo> directions, which are known to be the elastically soft directions for zinc blende crystals. Thus the two specimens with similar strain magnitudes but of the opposite sense have microstructures quite different in detail from each other.
A second type of growth-plane image confirms the cusping seen for the tensile specimen in cross-section views. Atomic force microscopy was used to image the surface of the SPS layers after the InGaAs cap layer was chemically removed (not shown)20. A set of fine grooves was seen over the surface with a pattern mimicking that of the domains in Figure loa . This result shows that the cusps seen in cross section form a 2-d network of undulations in the growth plane that couples to the composition modulations for layers with moderate tensile strain.
Composition from HREM Imaging
The strain analysis above also lends itself to interpretation of lattice images. In the limit of very thin TEM samples (specimen thickness to modulation wavelength ratio tends to zero), the strain field associated with the compositional wave becomes a pure dilatation wave in the modulation direction. Figure 1 la is a HREM image of such a modulated film. The 3.6ML periodicity of the SPS can be clearly seen as well as the local cusping of the SPS. The dilatation wave associated with CM results in a modulation of the (220) lattice spacing laterally in the image. This is most easily seen as a bending of the { 1 1 1 } lattice planes as shown schematically in Figure 1 lb. Since In-rich alloys will have a larger (220) plane spacing, the observed sense of bending also indicates that the cusped regions are In-rich. In principle, the distribution of In and AI within the sample can be directly determined from (220) plane spacing in a lattice image. However, this requires two strong approximations to hold. 1) The distribution of group-I11 atoms in the sample thickness direction is constant. This we do not necessarily expect to hold due to 2-d modulation in the growth plane, as shown above in the plan-view images of such films ( Figure  IO) .
2) The sample thickness is small compared to the lateral modulation wavelength. This restriction is also hard to satisfy since the modulation wavelength is -1 5nm, which is comparable to the thickness of a typical HREM sample. However, the qualitative interpretation of the images will still be valid, and given these limitations, we can roughly estimate the composition change from the bending of the (1 1 1) planes across an In-rich region. The angle between the (1 1 1) planes and the horizontal (00 1) planes at any position, z, along the interface is given by:
where 5 is the average perpendicular lattice parameter for the film (taken to be that of InP) and a(T) is the z. We then write a(.) as 2 where is the varying strain of the free standing film along the modulation referenced to a. The factor 04/05/99 9 CM-FinalDrafLdoc containing v (Poisson's ratio) is valid for the limit of the modulation wavelength being much larger than the foil thickness as assumed above35. can be written in terms of the local In fraction, x, as
The vertical position of the (1 11) plane, h, after one modulation period is given by h = JtanB(z> dz To obtain the deviation of the (1 1 1) planes across the In-rich region from their position extrapolated from the broad AI-rich region, we integrate the composition-dependent part of h across one period:
where h, is the extrapolated position of the (1 1 1) planes, x(0) is the composition of the Al-rich region, a,,,, are the lattice parameters for the binary compounds, and A is the wave length of the modulation. The first factor in the equation is of order unity (we set v = 0.3 and neglect any variation in v with composition), the second factor is the bilayer strain with respect to the substrate and is 0,0675 for this system. The final term represents the integrated In enrichment over one modulation period. If we assume a square wave modulation from pure AMs to pure InAs, the integrand is simply N2. Thus, the over all change in the position of the (1 1 1) planes is w 0.124 A/2 For a 15nm modulation period. the vertical misalignment of the planes is about h -h, = 0.93nm, corresponding to a shift of 1.6 fringe spacings perpendicular to the (1 1 1) planes. For a more realistic indium distribution such as the simple model presented above €or the (002) images, the integrand is given by (X, -X o ) , where w is the full width of the In-rich zone, x, is the maximum In fraction and x, is the minimum In fraction. For the simple model shown in Figure 9 , these values are w = 7 nm, x, = 0.7, xo = 0.3, giving a height change of h -h, = 0.17 nm and a shift of about 0.3 (1 11) fringe spacings. Extrapolation of (1 11) planes through the In-rich column in Figure 1 la gives a shift of -112 fringe, in reasonable agreement given that the initial assumptions are not well satisfied. We take this result generally to mean that the observed bending of the lattice planes indicates modulation of the group I11 composition that is on the order of 10's of InAs molar percent, as inferred from the dark-field image as well.
04/05/99 EDS Analysis
Interpretation of image contrast is the simplest method of observing CM, but direct chemical analysis is needed to verify the contrast analysis and to determine the magnitude of the CM. Since the composition modulation wavelength is less than 50nm, a field emission source is needed to probe the sample for EDS analysis. EDS data were recorded on a VG-HB5Ol STEM which was configured to give -1.OnA in a 1.2nm probe. Figure 12 shows a multipoint analysis of In-rich and Al-rich regions in a CM film. Data was also collected from the random alloy buffer (whose composition is known from XRD) to act as an internal standard. Since the buffer is oriented in the same diffracting condition as the CM film, this helps reduce the effects of electron channeling on the composition analysis. However, changes in the diffraction caused by local strain may still be important. This problem was overcome by analyzing the film at the extrema of the CM wave (as determined from the intensity in annular dark-field images; see Figure 13 below) where channeling effects should be the same as for the buffer (see Figure 3b) . The average composition of the Al-rich regions is In,,AI,,As, and in the In-rich regions it is In,,Al,As. This large composition swing is consistent with the fitted values obtained with (002) imaging in Figure 9 . The CM is asymmetric about the average SPS composition of In,,AI,,As, indicating a narrow In-rich region that is also consistent with the (002) images. Direct composition profiling by EDS was limited by sample drift and contamination and will be affected by electron channeling for points off the CM extrema. The actual composition measured will also be affected by the projection approximation as in the case of HREM imaging. This effect was checked by measuring points on several extrema. If CM domains were overlapping, we would expect large fluctuations in the measured composition as varying levels of overlap were probed, which were not observed. Nonetheless the maximum In and A1 concentrations could be higher due to some nonuniformity through the specimen thickness. Other EDS examinations just above the buffer interface give somewhat smaller variations, suggesting that the modulation amplitude increases during film growth. However, additional work is needed to verify this speculation.
HAADF Imaging
The composition profile can be obtained directly from STEM images under favorable conditions. Imaging using electrons scattered to high angles can reduce the effects of coherent scattering (i.e., diffraction) and give an intensity nearly proportional to the product of the sample thickness and the square of the local atomic numbeP. This imaging mode, known as high-angle annular dark field (HAADF), will reveal the composition profile with much higher spatial resolution than EDS profiling and in a much shorter time. In addition, the incoherent nature of this imaging mode allows direct image interpretation at length scales comparable that of HREM imaging3,. Figure 13 ihows a HAADF image of a modulated film and a lateral intensity scan from the image. The scan shows intense lateral In segregation and also directly reveals the asymmetric composition profile. The image was recorded under low currenthigh resolution configuration (<0.3nm) and the annular collection half-angles were -100-250mRad, with the sample aligned near the [ I i o ] zone axis. The lateral CM profile shows broad, flat Al-rich areas separated by sharply peaked In-rich areas. The asymmetric profile was suggested from the (002) images and EDS data, but is here clearly demonstrated. Figure 14a) shows a HAADF image of the SPS /buffer layer interface at higher magnification. The individual SPS layers are clearly resolved and Figure 14b shows an intensity line scan through the image. Both the image and line scan clearly show the first SPS layer (here, AlAs was deposited first) to be darker than the subsequent SPS layers of AlAs, indicating a lower In-fraction in this layer. This result is indicative of In surface segregation during growth. It is known that In tends to segregate to the surface during alloy deposition and is a barrier to the formation of sharp quantum wells. Using a simple two state exchange model, the essential kinetics of this phenomenon can be d e s~r i b e d~~,~~. Such a two state model results form the exchange of atoms between the outer most layer (the growth surface) and first bulk monolayer (the next layer down). Once the outer most layer is completed, it becomes the first bulk monolayer and all layers below it are now fixed. A segregation energy reflects the energy difference between having an A1 atom in the bulk layer and a In atom on the surface versus that of In in the bulk and AI on the surface. Reasonable values of the bulk 04/05/99binding and segregation energies4' were taken to be 1.8eV and 0.2 eV respectively and a jump frequency of IOl3Hz was assumed. Figure 15 shows a simulated composition profile for the deposition of InAs/AlAs at a growth rate of 1 .O MWs for each binary constituent and growth temperature of 450°C (this growth rate and temperature were chosen to match the chosen binding and segregation energies). This model is not meant to be quantitative but only to describe the general behavior of the system. During In/A1 codeposition of the buffer layer, an equilibrium is quickly established with the surface layer containing -0.75 indium fraction. During the deposition of the n=2/m=2 SPS layers, a dynamic equilibrium is established with each of the four deposited monolayers having a different composition and the surface In fraction varying from approximately 100% In to 50% In. With repeated deposition of SPS layers, the same composition results for each of the four layers. However, the first SPS period has not achieved this steady state and contains a higher A1 content than subsequent periods if AlAs is deposited first, reflecting that the first SPS layer follows the growth of a 50150 alloy while the subsequent layers follow the deposition of either pure InAs. This first layer enhancement results in the darker first SPS layer in the HAADF image in Figure 14 since AlAs was deposited first, in agreement with the simulated profile in the lower half of Figure 15 . In images of samples with the InAs layer deposited first, this layer is more In-rich and appears brighter, as in Figure 16 , which serves as a check on the model. The enhanced contrast that we observe for the first SPS layer and its correct behavior with change for AlAs to InAs indicate that In segregation is occurring during SPS growth, similar to that described in the above model.
Overview of Composition Modulation in InAs/AIAs
By combining the observed features and measurements made with the techniques discussed in this paper, we can deduce the overall structure and concentration variations in composition-modulated InAs/AIAs SPS layers. It is also useful to consider how microstructure changes with strain. By considering the several aspects together, additional insight is also gained into the factors that may control modulation during growth of the layer.
Spatial Variation of Composition
The multiple microanalysis tools brought to bear on the AIAs/InAs SPS system all point to the formation of columns of alternately In-enriched and AI-enriched material, with limited interconnection between columns forming short sheets (-0. I pm). The analyses of TEM images point to composition swings of 1 Os of percent in the group-111 mole fraction between the columns, as determined by analyzing the contrast of (002) DF images and the strain distribution revealed by HREM imaging. Variations in the composition were assessed directly using multipoint EDS analysis and the In mole fraction was found to vary from 0.38 to 0.76 between the columns in a specimen known to be strongly modulated by XRD. Measurements on additional samples demonstrate this magnitude of modulation as well. The composition variations were also directly probed using intensity variations (cc Z' ) in HAADF images and In enrichments consistent with the EDS analyses were found. Thus all the techniques consistently indicate that the In mole fraction varies by 10s of percent. While the modulation amplitude must vary between specimens according to their growth conditions, it is apparent that the variation in local composition of InAsIAlAs SPSs can be quite large, up to -0.4 mole fraction on the group-I11 sublattice between peaks and plateaus. The composition profile consists of broad regions of Al-rich material with little variation in composition separated by narrow regions of In-rich material that exhibit a peaked composition profile like those inferred from DF xTEM images. Indium-enriched columns that are narrower than the surrounding Al-rich regions also appear consistent with the plan-view images ( Figure IO ), but it must be noted that the [ 1 01 cross-section is not oriented along the modulation directions. Nonetheless, all the images indicate that there is more material that is enriched in A1 (but to a lesser extent than In) than there is In-enriched material. Furthermore, the Al-rich regions appear more nearly constant in composition, whereas the In-rich concentration peaks at the center of the column, as demonstrated by lateral intensity profiles of high resolution HAADF images (Figure 13 ).
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Microstructure of Composition Modulation
The global in-plane strain relative to the InP (substrate), or equivalently, the average SPS composition, appears to be critical in determining the final structure of the film. To form well defined modulations, strains are required to be <0.7% (or average InAs mole fractions between 0.40 and 0.64) to achieve composition modulation for SPSs with n + m = 3-4 ML (see Figure 7) . Within this range, strong modulation is found €or (E! -0.4%, but the modulation is stronger and its character is different in tension than in compression. For moderate tensile strains up to this value, the In-rich columns imaged with (002) DF xTEM are straight, vertical and regularly spaced, as seen in Figure 8c . The columns form directly beneath cusps in the growth surface, suggesting that the tensile-strained surface undulates to relieve strain energy with the resulting cusps being favored sites with larger lattice constants for In atoms, while the mounds are expected to relax laterally and favor AI. This behavior suggests that in tension, the modulation initiates in a pattern along <3 1 O> in-plane directions that is maintained during growth as seen in plan-view images like Figure loa . The vertically aligned cusps in the SPS layers seen in xTEM are confmed to be present everywhere on the growth surface by a corresponding pattern of tine grooves seen on the finaI surface with atomic-force microscopy (AFM) 2 0 . Both plan-view and cross-section TEM images indicate clear differences between moderate tension and compression, as seen in Figure 10 . The In columns for specimens in compression may waver significantly in xTEM as seen in Figure 8c . Possibly, the wavering indicates that the column pattern initiated at the buffer layer changes during growth in compression. The specimens in compression also do not exhibit cusps in the growth surfaces at In-rich columns, as seen in specimens with moderate tension. The wavering may contribute to the lower satellite intensity found for moderate compression as compared to tension as seen in Figure 7b , since this intensity is expected to reflect both modulation amplitude and regularity. Other images from specimens with less compressive strain indicate that the In-rich columns adjust to the strain and adopt a pattern as seen in Figure 1 Oa along the <I OO> in-plane directions, which are the elastically soft directions for this system and may result in lower stored strain energy. We note that the modulations along <3 1 O> directions seen in tension are consistent with a close-packing of oval columns having -2: 1 elongation along the [ 1 101 direction. Such elongation is often seen in DF planview images like Figure 10b where the In-rich columns are viewed end-on. If the growth surface becomes increasingly anisotropic for increasing tension (decreasing In) and favors such elongation, this closepacked arrangement could be adopted to reduce strain interactions between columns. Moving from compression to tension decreases the angle between the two modulation directions from 86" to 55"; in both cases the two directions are symmetrically positioned on either side of [I 101.
Possible Mechanisms of Composition Modulation
The loss of modulation for /E/ 20.7% suggests that linear instability models producing CM through coupling to strain" do not correctly describe modulation in this system. Moreover, we do not find surface undulations (cusps and mounds) in films with such high levels of strain. Most linear instability models produce a natural fluctuation wavelength that is a function of global strain; however, our observations show little change in modulation wavelength between -0.7% and +0.7% strain, as seen in the upper panel of Figure 7 and from obtaining the same modulation wavelength (24 nm) with Fourier analysis of the two plan-view images in Figure 10 '*. Alternatively, it is possible that the modulation period for moderate tension reflects a natural fluctuation length for CM. Then the strong CM found for moderate tension might reflect a synergistic coupling to a purely strain-induced surface undulation of the same periodicity, whereas for other values of strain the two modulations interfere destructively. This is also suggested by close examination of xTEM images for other moderate strain values that appear to show occasional cusps in the SPS layers correlated with the lateral composition modulation, but these incipient cusps never become regular or well established (see Figure 4 of reference 19). It is possible that in-plane strain of the SPS layer is not the factor inherently controlling the magnitude of CM in Figure 7 , which instead changes with some other essential parameter also being varied. A composition near 0.5 In mole fraction might generally be expected to give strongest modulation since it has equal amounts of InAs and AIAs, but varying the content from 0.58 to 0.46 In mole fraction would not be 04/05/99 expected to alter the microstructure through change of volume fractions alone to the qualitative extent observed. The change in microstructure with the sign of the strain in this interval also appears to indicate that strain is a key factor. The asymmetry between In-rich and Al-rich SPS materials could also reflect a difference in surface mobilities andor growth kinetics between A1 and In. For instance, if both species have comparable kinetics, we might predict from the In-rich cusps found in tension that AI-rich cusps and In-rich mounds should occur in moderate compression. However, such a microstructure is not apparent from inspection of xTEM images, suggesting that differences between the two elements are important. Another parameter likely to affect the formation of lateral modulation is interlayer strain between the individual SPS layers. The interlayer strain will strongly depend on the degree of chemical intermixing between AlAs and InAs layers. At low temperatures and high growth rates, intermixing will be kinetically inhibited while at high temperatures and low growth rates, intermixing will be inhibited by the formation of a 100% InAs surface layer. Between these limits is the interesting regime where segregation time scales are on the order of the monolayer deposition time and varying degrees of intermixing can be achieved. Since the kinetics of both lateral and vertical segregation will depend on growth rate and temperature, a complete unraveling of the mechanisms for lateral CM may prove difficult. An additional possible effect of segregation relates to the formation of InAs islands, which we are considering for possible initiation of the modulation. If the first SPS layer is InAs, the effects of In surface segregation may result in the layer's exceeding the critical thickness for island formation, which occurs between 2 -2.5 monolayers for InAs on InAlAs/(001) InP4'. Some xTEM images suggest the formation of nascent islands at the interface, but a clear picture has yet to emerge. More generally, the absolute thickness of the SPS layers appears important; we find that within the interval for strong modulation (le1 -0.4%), reducing the total period of the SPS decreases the CM amplitude4*.
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Concluding Remarks
We have discussed how several types of TEM images can provide detailed evaluation of composition modulation in semiconductor alloys. Dark-field images formed with (002) beams have been especially useful for assessing the microstructure of modulation because they are not sensitive to strain in { 1101 cross-sectional imaging and the image intensity is sensitive to compositional variations through the structure factor. Moreover, we were able to semiquantitatively evaluate the degree of composition variation in InAsIAlAs SPS layers because of a null in the structure factor for concentrations found in our specimens. The (002) dark-field condition appears generally favorable for imaging modulations with vertical columns in other alloy systems by xTEM; however, composition evaluation based on qualitative contrast variations may not be possible in other systems. Plan-view DF imaging was very useful for determining the in-plane organization of composition modulation and did not appear noticeably affected by strain relaxation at the surface of the thinned specimen, apparently because the modulation wavelength in our alloy is sufficiently short. H E M imaging also demonstrated strong CM through lattice plane bending that produces shifts on the order of the change in lattice constant times the modulation wavelengths; however, precise composition evaluation with this technique is limited by specimen thickness for short modulation wavelengths. The sub-nanometer electron beams of STEM instruments allow local compositions to be quantified with characteristic x-rays in EDS. By using the buffer layer and its known composition to obtain an in situ calibration of x-ray intensity versus concentration, the effects of electron channeling in the semiconductor crystal were accounted for. HAADF imaging in the STEM also probes the local composition through its 2' sensitivity, but is not yet as quantitatively precise as EDS. The high resolution of HAADF images permit a rather detailed determination of composition profiles. All of our observations with the several techniques produced results consistent with each other, and modulation trends that agreed with those determined by a complementary technique, k-maps of diffracted intensity in reciprocal space obtained by XRD. The two-dimensional in-plane modulation found for InAsIAlAs SPS layers differs dramatically from that of InGaAs alloys and super lattice^^^. In the latter system, one-dimensional modulation occurs along the [l IO] direction with modulated sheets extending for several tenths of a micrometer in the [ 1 i o ] direction, as shown schematically in Fig. 1 . Moreover, CM occurs in random alloys of In,Ga,-,As, but not for In,Al,-.As alloys under our buffer-layer growth conditions. The factors governing the difference between these two systems are not readily identified; AlAs and GaAs have similar lattice constants, but differences in bond strengths or diffusivities between A1 and Ga on the growth surface, or elastic properties between AlAs and GaAs could be important. Understanding the differing microstructures in the two systems requires @her study and is likely to provide insight into the physical mechanisms producing CM. One dimensional modulation is thought preferable for possible incorporation into optical emitters and photovoltaic devices. Such modulation could impose a well-defined direction of preferred polarization for emitted light, and could separate and confine electrons and holes into alternating sheets with differing bandstructures to prevent carrier recombination in light-absorbing layers of photovoltaics. In spite of the two-dimensional modulation, InAsIAlAs SPS layers exhibit polarized photoemission. In our early work. low temperature (1 0 K) photoluminescence spectra exhibitted preferred polarization along the [ direction with a ratio to the [ 1 IO] direction of up to -20: 1I6-l9, although the degree of polarization varied between similar specimens. In this earlier work, the photoluminescence was red-shifted by 220 meV due to CM alteration of band structures. Using recent theoretical work44, such a shift implies a modulation amplitude of 11-15 at.%, which is quite consistent with our observations. In addition, polarization ratios of 4-8 are predicted, like those found in many of the specimens. Recent photoluminescence studies of a set of strongly-modulated specimens show bandgap reductions that track the CM amplitude as measured by XRD45 . Moreover, bandgap reductions of up to -500 meV relative to the expected values for random alloys were observed for SPS layers with moderate or no strain, including specimen EA01 84 for which our EDS analysis indicates In enrichment to x = 0.76. This strong enrichment agrees well with the large bandgap reduction found with photoluminescence given that the emission occurs in the In-rich columns. Generally, the CM microstructural and compositional features discussed above need to be accounted for in order to understand electronic and optical effects in our material. Key features identified here include: 1) the strong In enrichment that peaks at the center of a column, 2) the greater fraction of less-enriched material containing predominantly AI, 3) the columnar nature of In-rich material with only limited (-0.1 pm) lateral interconnection, and 4) rapid variations in strain between the two enriched zones. These features are found to alter the band structure substantially and are likely to affect carrier transport properties within InAsIAlAs SPS layers. They are probably important for understanding more detailed optical properties, such as the photoemission linewidths. Our work has demonstrated large variations in the Group-I11 local concentration, and has shown that the average composition and global strain alter the microstructure and amplitude of modulation but not the wavelength. A synergistic coupling to surface undulations results in strong modulation for for samples grown in moderate tension. These features provide tests for theoretical treatments of how CM occurs in a growing material. It is generally accepted that CM is a surface-induced phenomenon, but a detailed understanding of how CM initiates and propagates during growth of InAsIAlAs SPS layers is not yet available. Figure 1 Schematic diagram of lateral modulation in the InGaAs system. A buffer layer of latticed matched InGaAs is grown on a InP(001) substrate. A short period superlattice (SPS) of (InAs), / (GaAs), (n-m-2) is then grown on the buffer and this is capped with lattice matched InGaAs. The resulting structure is laterally modulated in the [110] direction forming vertical sheets of alternately Ga-rich and In-rich material. In the present work, A1 replaces Ga in the buffer and the SPS (the cap remains InGaAs to prevent oxidation). The resulting structure forms vertical columns or pillars rather than extended sheets. Near surface relaxation in a modulated film. A) For a growing film, the existence of a free surface and a coherent substrate greatly modifies the strain distribution in the laterally modulated film. This basic distribution holds for a plan-view TEM sample, also. B) For a thin foil cross-sectional TEM specimen, the bulk constraints are modified and the sample relaxes at the new free surfaces. The sense of relaxation is determined by the sign of the coherency strain. The relaxation creates shear strains only in the x-y plane and can be thought to locally rotate the reciprocal lattice vectors, which are represented by the arrows attached to the atomic planes. Also, the magnitude of the dilatational strain in the center of the foil is modified by the relaxation. Schematic diagram of Ewald sphere construction for strained lattices. Strain contrast in the TEM is determined to a great extent by the change in the distance from the local reciprocal lattice vector g (heavy arrows) to the Ewald sphere (light arc with radius k,, incident plane wave, and k,, diffracted plane wave).
Figure Captions
For shear strain, this change is proportional to the local rotation of the lattice planes (-d%/d<), where & is the component g of the elastic displacement field, R, and < is the in the direction of k,, which is nearly parallel to the y-axis. For dilatational strains, the change is proportional to the fractional change in the reciprocal lattice vector (-dRJdx) multiplied by the Bragg angle for that reflection (e, -10"). Hence, the effect of dilatational strain on image contrast is greatly diminished.
Figure 6
Effects of structure factor contrast. The image contrast of A) an (002) dark-field image and B) a (004) dark-field image shows the high contrast expected in the (002) type image due to the zeros in the structure factor at a composition near In, 52Al,,,,As. The lack of contrast in B) also indicates that strain is not contributing to the contrast in either A) or B). [MS5 1 lH].
04/05/99 Figure 7 Plot of lateral modulation period (upper panel) and satellite intensity (lower panel) versus coherency strain, all determined by XRD from (002) reflection (see Figure 2) . The period is determined from the centroid of the lateral satellite and its intensity is determined by integrating the counts in the satellite after background subtraction. Data was collected from K-maps of the reciprocal space around the (002) reflection with the scattering vectors contained in the ( f i 0) plane. Also shown is the average InAs mole fraction (upper axis), which is derived from the in-plane strain.
Figure 8
Microstructure changes (dark-field (002) images) as a function of strain. A) +0.67% strain (tensile) shows no lateral contrast, and the SPS is flat and well defined. The defect shown originated at the InPlbuffer interface (specimen EA0121). B) -0.05% (slightly compressive) strain shows lateral contrast with bright In-rich columns that waver irregularly. SPS is no longer flat in some regions of film (specimen EA01 84). C) -0.47% (compressive) strain shows weak and irregular lateral contrast (specimen EAO151). D) +037% (moderate tensile) strain shows lateral contrast that is strong and very regular. SPS forms cusp at narrow bright In-rich regions which have dark bands on either side due to zeros in the (002) structure factor (specimen EAO122). Local In-composition from EDS analysis of several In-rich and Al-rich regions of a CM film in addition to an analysis of the buffer layer, which serves as an internal standard. Both the buffer layer (x=0.538) and average SPS (x=0.530) composition are known from XRD analysis. The analysis clearly indicates composition swings of tens of percent In mole fraction (from x=0.76 to 0.38). There is an asymmetry between the In and A1 enrichment indicating the In enrichment is confined to narrower regions, which is 04/05/99I expected from the images. Note, As is assumed to be stoichiometric in the film; thus the In/As ratio gives both the In fraction, x, and the A1 fraction, I-x (specimen EAO184). 
